Nitric oxide (NO . ) is a versatile molecule that is critical for numerous biological processes. NO . is created intracellularly by nitric oxide synthetases through oxidation of the guanido group of arginine. At low concentrations, NO
. mediates intracellular signaling and neurotransmission, while at higher concentrations, NO
. is used by activated macrophages to fight invading pathogens and tumor cells (25) . Although activated macrophages excrete a variety of agents, including reactive oxygen species, NO
. is considered to be a critical agent, because inhibition of nitric oxide synthetases strongly diminishes the cytotoxic effect of macrophages (19) . NO . and other reactive oxygen species are potent DNA-damaging agents, and exposure to NO . has been shown previously to be cytotoxic and mutagenic in Escherichia coli and a variety of other cell types (6, 12, 14, 37) . Furthermore, NO
. can induce homologous recombination in E. coli (34) . While the mutagenic properties of NO . have been studied extensively (14, 29, 37) , little is known about the underlying mechanism by which NO . -induced DNA damage leads to homologous recombination and puts cells at risk of genetic rearrangements. NO . itself is not very reactive with DNA. However, NO . can react with oxygen and superoxide to create N 2 O 3 and peroxynitrite, potent DNA-damaging agents. N 2 O 3 can deaminate DNA bases to create mutagenic lesions, such as uracil, hypoxanthine, and xanthine. Peroxynitrite is an oxidizing agent, which reacts preferably with guanine. This reaction primarily results in 8-oxoguanine, which is potentially mutagenic, and 8-nitroguanine, which is susceptible to spontaneous depurination (22, 45) . Interestingly, 8-oxoguanine is more susceptible to oxidation by peroxynitrite than is guanine, resulting in secondary oxidation products, which are potentially mutagenic and cytotoxic (5) . Peroxynitrite has also been shown previously to induce single-strand breaks in plasmid DNA in vitro, most likely through the oxidative breakdown of deoxyribose (15) .
The base excision repair (BER) pathway plays a major role in the removal of bases with NO . -induced damage in E. coli (34) . DNA glycosylases initiate BER by cleaving the N-glycosylic bond between the base and the deoxyribose, resulting in an abasic (AP) site. Subsequently, AP endonucleases incise the DNA backbone immediately 5Ј to the AP site, to create a 3Ј-OH terminus and a 5Ј-deoxyribose phosphate residue. The 5Ј-deoxyribose phosphate residue is removed by a deoxyribose phosphodiesterase, while the 3Ј-OH is extended by DNA polymerase I. Repair is then completed by a DNA ligase (31, 43) . DNA glycosylases that can remove oxidative base damage have an associated lyase activity, so that removal of the base is thought to be coupled with nicking of the DNA backbone on the 3Ј side of the lesion, resulting in a cleaved AP site. While this process eliminates the need for a deoxyribose phosphodiesterase, an AP endonuclease activity is still required to generate the 3Ј-OH terminus, necessary for DNA synthesis.
Several DNA glycosylases are potentially involved in the removal of NO . -induced lesions in E. coli. Uracil, xanthine, hypoxanthine, and 8-oxoguanine are substrates of the uracil DNA glycosylase (Ung), endonuclease V DNA glycosylase, AlkA 3-methyladenine DNA glycosylase (AlkA), and formamidopyrimidine DNA glycosylase (Fpg or MutM), respectively (18, 22, 30, 32) . While Ung has been shown previously to protect against NO . -induced mutations, no DNA glycosylasedeficient strains, including the ung mutant, have been found to have enhanced sensitivity to NO . toxicity (34, 37) . In contrast, E. coli strains deficient in AP endonuclease activity (double mutant in exonuclease III and endonuclease IV: xth nfo) are very sensitive to NO . toxicity (34) . These results suggest that, upon exposure of cells to NO . , BER is required to process AP sites that are formed either by DNA glycosylases or by spontaneous base loss.
In addition to AP endonucleases, recombinational repair plays a pivotal role in preventing the genotoxic effects of NO . (34) . Homologous recombinational repair processes can be initiated by DNA double-strand breaks (DSBs) or singlestranded DNA regions (17) . In E. coli, the RecBCD complex processes DSBs (1), while the RecFOR proteins bind singlestranded DNA regions and facilitate resumption of replication (9, 41) . To survive NO . toxicity, E. coli is dependent on RecBCD, but not on RecF, which suggests that the requirement for homologous recombination following NO . exposure is not due to lesions that induce single-stranded regions or lesions that inhibit the replication fork but rather to the formation of DSBs (34) . As neither NO . , N 2 O 3 , nor peroxynitrite efficiently creates DSBs by direct reaction with DNA in vitro (4, 37) , it is likely that NO
. induces other types of damage that are subsequently converted into DSBs by enzymatic processing and/or DNA replication.
DNA damage created by the exposure of cells to NO . consists mostly of base damage (34, 37) . Although some singlestrand breaks appear immediately after exposure, the majority of single-strand breaks do not appear until hours after NO . exposure (at least in Chinese hamster ovary cells) (37) . This delayed appearance suggests that the majority of the singlestrand breaks are created enzymatically. We therefore hypothesized that NO . -induced recombination may be stimulated by the action of DNA glycosylases. NO . induces DNA base damage that is removed by DNA glycosylases, thereby protecting the cell against mutations. However, the processing of DNA base damage by DNA glycosylases leads to the creation of AP sites and single-strand breaks. In their turn, AP sites and single-strand breaks may be converted into DSBs, possibly during DNA replication. Such DSBs can induce genetic rearrangements and make the cell dependent on recombinational repair.
In this work, we show that disruption of the DNA glycosylase Ung or Fpg rescues AP endonuclease-deficient E. coli from NO . toxicity. We infer that these two DNA glycosylases are active in the production of AP sites, which are toxic to an AP endonuclease-deficient cell. Furthermore, we show that upon exposure of E. coli to NO . these DNA glycosylases lead to a dependence on RecBCD, indicating DSB repair. While overexpression of DNA glycosylases has been shown previously to sensitize recombinational repair-deficient E. coli (8, 27, 28) , here we show that cells with normal expression levels of DNA glycosylases are sensitive to NO . -induced DNA DSBs. The results presented in this work shed light on the effects of DNA glycosylases on the maintenance of genomic stability. While DNA glycosylases may protect against NO . -induced mutations, they simultaneously put cells at risk of genetic rearrangements.
MATERIALS AND METHODS
Bacterial strains and plasmids. The strains used in this study are listed in Table 1 . All strains are derived from AB1157 or GM7330, except for KL16 fpg (derived from BW35) and MV3880 (derived from MV1161). Strains constructed for this study were generated by standard P1vir transduction techniques (24) . GM7624 was created by transducing the SM1004 alkA::Tet locus (33) into GM7330, while the BD2314 ung-152::Tn10 (10) and the CC104 mutM::mini-Tn10 (23) loci were transduced into GM7330 to make GM7617 and GM7619, respectively. The KM21 ⌬recBCD::Kan locus (26) was moved into GM7330 to create GM7346, while transduction of this locus into GM7617 and GM7619 resulted in the creation of GM7628 and GM7630, respectively. GM7635, GM7637, and GM7643 were constructed by the transfer of the DNA glycosylase mutant loci BD2314 ung-152::Tn10, CC104 mutM::mini-Tn10, and SM1004 alkA::Tet, respectively, into BW528. The ⌬fpg::Amp locus of KL16 fpg (2) was transferred into GM7617 to create EJ101. Transduction of the KM21 ⌬recBCD::Kan locus into EJ101 resulted in EJ103. EJ120 was created by moving the RW82 ⌬(umuDC)595::Chl locus (44) into AB1157. Subsequent transduction with the KM21 ⌬recBCD::Kan locus resulted in EJ121. The antibiotic markers associated with the gene disruptions were confirmed by growth on the appropriate selection medium (20) . Disruptions in ⌬recBCD were confirmed by UV sensitivity, while alkA and xth nfo disruptions were confirmed by sensitivity to methyl methanesulfonate. Transduction of the ung-152::Tn10 locus is 100% linked between Tet r and ung phenotypes when selecting for Tet r recombinants (10) . Transduction of ung-152::Tn10 into GM7330 and GM7346 was also confirmed by observing ϳ5-fold-increased mutation frequency on rifampin plates. Transductions of the mutM::mini-Tn10, ⌬ fpg::Amp, ⌬(umuDC)595::Chl, and ⌬recBCD::Kan loci were confirmed by PCR (data not shown). Plasmids listed in Table 1 were verified by restriction analysis. The pTr vector was created by deleting ϳ70% of the Ung coding sequence (between two BamHI sites) that had been cloned into a pTrc99A plasmid (42) .
Cytotoxicity assay. The cytotoxicity assay has been described previously (34) . Briefly, overnight cultures were diluted 100-fold into Luria-Bertani medium (LB) and grown to early log phase. Cultures were exposed to NO . gas via silastic tubing at rates of ϳ35 nmol/ml/min. Delivery was confirmed by measuring the concentration of nitrate plus nitrite formed after 2 h or by including a strain of known sensitivity as an internal control (38) . After exposure, cells appropriately diluted in M9 salts were plated onto LB plates. Surviving colonies were scored after overnight incubation at 37°C. Strains bearing plasmids were inoculated from a single colony and grown overnight in LB-ampicillin (50 g/ml) medium. The next day, the presence of the plasmid was confirmed by plasmid isolation (Qiagen miniprep kit) and agarose gel analysis (20) . Cultures carrying appropriate vectors were diluted 100-fold into LB-ampicillin medium supplemented with 1 mM isopropyl-␤-D-thiogalactopyranoside to induce expression. Cultures were grown until early log phase, exposed to NO . , and analyzed as described above. Recombination assay. Strains derived from GM7330 (GM7617, GM7619, GM7624, GM7346, GM7628, GM7630, EJ101, and EJ103) carry two different nonfunctional alleles of the lac operon, each with a different deletion. A homologous recombination event between the mutant alleles can restore the Lac ϩ phenotype (16) . A quantitative recombination assay has been described previously (34) . Briefly, early-log-phase cells were exposed to NO . for 2 h, as described above. After exposure, cells were incubated in M9 salts for 30 min, pelleted, resuspended in M9 salts, appropriately diluted, and plated. LB agar plates were used to determine the number of survivors. Recombinant colonies on lactose plates (M9 salts, 1% lactose, 1 g of thiamine/ml, and 15 g of agar/liter) were scored after incubation for 3 days at 37°C.
RESULTS

DNA glycosylases remove NO
. -induced base damage in E. coli. When cells are exposed to NO . , damaged bases are the most prevalent form of DNA damage (37). Our first objective was to identify DNA glycosylases that remove NO . -induced base damage. We were unable to determine which DNA glycosylases were active by assaying DNA glycosylase mutant strains for sensitivity to NO . toxicity, since none of the strains examined showed any increased NO . sensitivity (34) . However, AP endonuclease-deficient E. coli strains are sensitive to NO . -induced toxicity (34) , and DNA glycosylases generate AP sites, which are toxic if they are not processed by AP endonucleases. Thus, if a particular DNA glycosylase is active, disruption of that DNA glycosylase may rescue AP endonuclease-deficient cells from NO . toxicity. Here we show that disruption of the ung gene in the AP endonuclease-deficient E. coli strain renders the cells significantly more resistant to the toxic effects of NO . (compare xth nfo and xth nfo ung strain data in Fig. 1A ). The rescue of the xth nfo double mutant afforded by disruption of ung suggests that Ung creates a significant portion of the AP sites that make AP endonuclease-deficient cells sensitive to NO . . To confirm that the phenotype of the xth nfo ung triple mutant strain was due specifically to a defect in Ung, we complemented this strain by expressing Ung from an isopropyl-␤-D-thiogalactopyranoside-inducible promoter (see Materials and Methods). Reintroduction of Ung restored the sensitivity of the xth nfo ung triple mutant to NO . toxicity, confirming that Ung is responsible for sensitization of AP endonuclease-deficient cells. As expected, additional expression of Ung did not sensitize wild-type (WT) cells to NO . toxicity (Fig. 1B) (27) . As in the case of Ung, we reasoned that, if Fpg is active following NO
. exposure, disruption of fpg expression could protect xth nfo double mutants from NO . toxicity. Indeed, disruption of fpg in an xth nfo double mutant made that strain as resistant to NO . as were WT cells, implying that Fpg converts a significant proportion of NO . -induced base damage into potentially toxic BER intermediates (Fig. 1C) . Reintroduction of Fpg restored the sensitivity of the xth nfo fpg triple mutant to NO . toxicity (Fig. 1D) , confirming that the phenotype of the xth nfo fpg triple mutant was due to a defect in Fpg. It is noteworthy that additional expression of Fpg in WT cells did not increase cellular sensitivity to NO . toxicity (Fig. 1D) . While inactivation of Ung or Fpg rescued AP endonuclease-deficient E. coli from the toxic effects of NO . , inactivation of AlkA did not rescue the xth nfo double mutant (Fig. 1E) . In contrast, inactivation of AlkA seemed to slightly sensitize the AP endonuclease-deficient E. coli strain to NO . toxicity. Remarkably, inactivation of either Ung or Fpg can rescue AP endonuclease-deficient E. coli from the toxic effects of NO . . Apparently, abolishing the activity of just one of these DNA glycosylases is sufficient to prevent BER intermediates from reaching toxic levels in an AP endonuclease-deficient strain. These results imply that the number of AP sites must be above a certain threshold in order to be toxic.
Ung and Fpg convert NO . -induced base damage into substrates for recombinational repair. Upon NO . exposure, Ung and Fpg create BER intermediates (see above). While Fpg can create cleaved AP sites, Ung can create only uncleaved AP sites (although these AP sites are likely to be rapidly converted into single-strand breaks by AP endonucleases). Both AP sites and single-strand breaks can induce recombination, because they block DNA replication and/or can be converted into DSBs when encountered by a replication fork (17, 27) . Furthermore, . toxicity (Fig. 2) . These results suggest that, when cells are challenged with NO . , Ung and Fpg create BER intermediates that are potentially toxic if they are not repaired via homologous recombination.
Inactivation of umuDC does not render recBCD mutants more sensitive to NO . . The gene product of umuDC is involved in translesion synthesis of a variety of DNA lesions, including AP sites (39) , and cells deficient in umuDC are sensitive to the toxic effects of high levels of uncleaved AP sites (27) . If uncleaved AP sites lead to replication fork collapse, which would induce recombinational repair, then inactivation of umuDC in a recBCD mutant is expected to lead to additional sensitization of the recBCD mutant. However, inactivation of umuDC did not render recBCD mutants more sensitive to NO . (Fig. 3) . (Inactivation of umuDC in WT E. coli did not sensitize the cells to NO . [data not shown].) Uncleaved AP sites are therefore unlikely to play a major role in initiating recombination. We therefore conclude that cleaved abasic sites, rather than uncleaved abasic sites, lead to DSBs that are toxic to recBCD mutant cells.
Ung and Fpg induce recombination in E. coli exposed to NO . . The bacterial strain GM7330 carries two inactive copies of the lac operon, which can be reconstituted via homologous recombination (16) . An earlier study showed that exposure of GM7330 to NO
. results in an increase in Lac ϩ cells, indicating that NO . induces homologous recombination (34) . Since Ung and Fpg create substrates for recombinational repair, it seemed likely that they are also involved in promoting NO .
induced recombination. We tested this hypothesis by inactivating the Fpg, Ung, and AlkA DNA glycosylases in GM7330. While an alkA mutant showed the same level of NO . -induced recombination as that of WT E. coli (Fig. 4) , the recombination frequency appeared to be slightly lower in strains deficient in either ung or fpg, though the difference was not statistically significant. However, a statistically significant decrease in NO . -induced recombination was observed when both ung and fpg were inactivated. This implies that DNA glycosylase activity is the underlying cause of a significant fraction of NO . -induced recombination.
DISCUSSION
During DNA replication, lesions that inhibit DNA polymerases and single-strand breaks in the template DNA can lead to unreplicated single-stranded regions and/or DSBs at collapsed replication forks. Both single-strand gaps and DSBs are a threat to genomic integrity and cellular survival. Homologous recombinational repair offers critical protection against these inevitable problems (17). An example of an endogenously produced lesion that blocks DNA replication is 3-methyladenine, which is normally removed by 3-methyladenine DNA glycosylases (43) . Saccharomyces cerevisiae and mammalian cells deficient in 3-methyladenine DNA glycosylase activity are sensitive to the lethal and recombinogenic effects of unrepaired 3-methyladenine, which is consistent with the protective role generally attributed to DNA glycosylases (7, 11) . Ironically, DNA glycosylases generate repair intermediates that may themselves require recombinational repair. During BER, AP sites and single-strand breaks are created that can be converted into DSBs during DNA replication (17) . The effects of DNA glycosylases on homologous recombination are therefore complex, as the ability of DNA glycosylase substrates to induce recombination must be weighed against that of the repair intermediates generated by the action of DNA glycosylases.
In -induced lesions are thought to be substrates for both Ung and Fpg. However, both Ung and Fpg generate AP sites, and cells have several alternative pathways for tolerating AP sites, including translesion synthesis and recombinational repair (27, 36) . Although these alternative defense mechanisms apparently suffice if either Fpg or Ung is inactivated in xth nfo double mutants, the combined activity of both Fpg and Ung in an AP endonuclease-deficient strain can overwhelm these defense mechanisms.
In contrast to disruption of Ung or Fpg, inactivation of the AlkA 3-methyladenine DNA glycosylase activity in AP endonuclease-deficient E. coli does not rescue the xth nfo double mutant from NO . toxicity. If anything, the xth nfo alkA strain seems to be slightly more sensitive to NO . than the xth nfo strain. One explanation for this observation lies in a difference in the availability of damage tolerance pathways in WT cells FIG. 4 Accumulation of AP sites and other BER intermediates makes cells dependent on homologous recombinational repair for survival (27, 36) . Several studies have shown that overexpression of a DNA glycosylase leads to the induction of homologous recombination and/or sensitizes DSB-repair-deficient strains to the effects of BER intermediates (8, 27, 28) . Furthermore, the alkylation sensitivity of an Schizosaccharomyces pombe strain deficient in recombinational repair could be partially relieved by inactivation of its 3-methyladenine DNA glycosylase, which suggests that BER intermediates are fed into the recombinational repair pathway in this species (21 (Fig. 4) .
Ung and Fpg do not create DSB substrates but create uncleaved and cleaved AP sites, respectively. However, both kinds of AP sites can be converted into DSBs (uncleaved AP sites may stall the replication fork, and cleaved AP sites may directly cause fork collapse [17] ). In the case of exposure of E. coli to NO . , uncleaved AP sites do not seem to play a role in the induction of recombination, since inactivation of umuDC, which can suppress the toxicity of uncleaved AP sites, did not further sensitize a recBCD mutant strain to NO . toxicity. Although Ung is actively creating uncleaved AP sites upon NO . exposure, these may be rapidly converted into single-strand breaks by the action of AP endonucleases. Alternatively, uncleaved AP sites may be less easily converted into substrates for recombination than cleaved AP sites or may be far less abundant when the cell processes NO . damage. The studies presented here show that NO . -induced recombination is promoted by DNA glycosylases. In the case of Ung and Fpg, the lesions normally repaired by these enzymes (which are likely to include uracil and 8-oxoguanine, respectively) are potentially mutagenic, but they are not thought to inhibit DNA replication. We observed that cells deficient in Ung or Fpg have increased susceptibility to NO . -induced mutations (data not shown; for Ung, see also the work of Tamir et al. [37] ). However, inactivation of Ung and Fpg also resulted in a decrease in recombination frequency (Fig. 4) . Thus, leaving NO . -induced base damage in the genome puts cells at risk of mutations, while removing these lesions can put cells at risk of genetic rearrangements (Fig. 5) . It is noteworthy that, in these studies, cells were exposed to levels of NO . that approximate conditions of inflammation (38) . Furthermore, in contrast to many other studies, DNA glycosylases are expressed at normal levels. Thus, these studies demonstrate that, under conditions where cells are exposed to physiologically relevant levels of NO . , DNA glycosylases, expressed under their endogenous promoters, can create high-enough levels of repair intermediates to put cells at risk of genetic rearrangements. These findings shed light on the effects of exposure of bacteria to macrophages during inflammation and also provide a framework for the study of the relationship between inflammation and genetic stability in mammalian cells. 
